
Lecture 6
Tube and Early Transistor Electronics
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We Did A Lot With Tubes
• Most modern designs started with tubes.
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Triode-based Flip-Flop
From IBM 605

https://www.talkbass.com/threads/tube-op-amps-experience-interests.1215611/

The first commercial 
Operational Amplifier



12CN5 12V Pentode Tube
• We’ll use this in the end of lab 05 and 06 to make an 

oscillator (Abraham Bloch circuit) and then an early op 
amp
• It acts pentodic at low voltages!
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The “soft-clipping”

• The fact that triodes don’t transition very abruptly 
is one reason why people really like assign “good” 
sound effects to triodes.

• They tend to not “clip” as hard because they very 
gradually turn on and off at the extremes of their 
operating range whereas pentodes (And later 
transistors) have very clearly defined ON/OFF 
regions
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Conclusion
• Triodes Make Lousy Switches especially when we 

are running them in low voltage starvation mode
• You can get that behavior out of them with the right 

conditions, but they are not very good “switching”-style 
amplifiers because of their I-V relationships

• Pentodes, on the other hand can be pretty good 
switches if you can position your bias point 
operation so that you’re jumping between the two 
regions of operation 
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The Bistable Multivibrator
• This was also discovered/developed right around 

1919 by Eccles and Jordan
• Originally termed “trigger circuits” but they 

eventually became known as flipflops
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The original Eccles Jordan
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Essentially just two NOT gates



Abraham Bloch Circuit (Lab 05)
• Two inverters connected with high-pass 

filters...inherently unstable
• Will oscillate
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The Eccles Jordan Circuit
• Almost the same as the Abraham Bloch circuit just 

replace the capacitors with wires which introduce 
the high-pass–filter behavior...that allows the 
circuit to have two long-term stable positions 
instead of none (which causes the oscillation
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Instead we’ll Build the Flipflop 
with Pentodes

• Using the 12CN5 
tubes  you can in 
fact make a 12V 
stable flip flop
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Sorry didn’t lay this out in my pretty schematic drawing software



Can we do this with our Triodes?

• Could we make a 
bistable flip-flop 
circuit using just a 
triode?
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In theory should be relatively easy 
to implement something like this:
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Stage 1 Stage 2

The “high” output of this 
stage 1 provides a “high” 
output to stage 2 which 
causes stage 2 to have a 
“low” output which is a 
“low” input to stage 
1…which… 
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A Bistable Circuit
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• In order for a Bistable circuit to work reliably the 
active devices need to act more “switch-like” than 
“amplifier-like”. 
• Doing so will give a much cleaner behavior that’s also 

more digital: 
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For a Analog Amplifier…
• We generally want a nice, linear in/out relationship
• Ideally the In/Out relationship is predominantly 

linear
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In

Out

Gain
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For a Digital Amplifier…
• We want an amplifier that is over-driven and/or 

saturated
• Something that clips ideally at both ends of its 

extremes
• Something that is best described by an if/else or 

piecewise function 
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”ON*”

”OFF*”

* Or some other descriptive name
In

Out • In the case of a 
flip-flop we really 
want something 
to work that way
• The more non-

linear, the better 
and more stable 
it will be
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A Jordan-Eccles Circuit (Bistable Flip-flop)
• Built around the idea of two active (amplifying) 

devices mutually suppressing one another. 

• When tuned, the circuit will stabilize to one of two 
operating points:
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Device 1 Device 2

Device 1 Device 2 Device 1 Device 21 suppresse
s 2:

2 suppresse
s 1:
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Map of Stability
• If the two sides can turn on/off very sharply, you can 

get a very clear map of two stable points
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Stage 2 Output

Stage 1 Output 1 suppresse
s 2:

2 suppresse
s 1:

Transition trajectories
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The Less Switch-Like Our Amplifiers 
Look, the Less Ideal Our Stability Map 
Will Become…
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Stage 2 Output

Stage 1 Output

1 suppresse
s 2:

2 suppresse
s 1:

Transition trajectories

Device 1 Device 2
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If Our amplifiers really can’t act like 
switches, then…
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Stage 2 Output

St
ag
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1 suppresse
s 2:

2 suppresse
s 1:

Transition trajectories
Device 1 Device 2

1/22/25



If they really really can’t act as 
switches, then…
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Stage 2 Output

St
ag

e 
1 

O
ut

pu
t One single stability point Device 1 Device 2
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Can Our Amplifiers Act as 
Switches?

• Consider the Triode:
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6J6

Control
Grid
(In)

plate

cathode

In

Out

bunching
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Can Our Amplifiers Act as Switches?
• Consider the Pentode
• Originally developed to fix 

Miller Capacitance.
• In the Process we got new 

I-V relationships for our 
output terminals 
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~𝑽𝒄𝒄
12AU6

Control
Grid
(In)

plate

cathode

Screen 
grid

Suppressor grid

In

Out

bunching

bu
nc

hi
ng

1/22/25



Pentode Curves
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Very steep I/V relations…
like a low-Ohm resistor…
or a wire…
Or a closed Switch!

Almost no I for any V
like a high-Ohm resistor…
or an open…
Or a open Switch!

Current varies with voltage quite cleanly
Good for regular amplifiers
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Triodes Don’t Give Us Much in the Way of 
Abrupt Changes in their behavior
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Triodes do have a 
cutoff range 
where if grid 
voltage below 
threshold, no 
current flows

Almost no I for any V
like a high-Ohm resistor…
or an open…
Or a open Switch!

Beyond that we get 
these sort of 
diagonal lines which 
gradually evolve 
from infinite ohms 
to less and less 
ohms.
Fine for regular 
linear amplifiers 
maybe. Not really a 
switch, though
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In addition to the <0 grid 
voltages…
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Some triodes could work at grid 
voltages >0
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With positive Grid Voltages, Triodes 
can actually give ok behavior!
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Triodes have a 
cutoff range 
where if grid 
voltage below 
threshold, not 
current flows

Almost no I for any V
like a high-Ohm resistor…
or an open…
Or a open Switch!

Can  get near 
vertical lines 
here….so basically a 
nice closed switch 
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Unfortunately…
• At positive grid voltages the input impedance of 

triodes drops drastically
• The grid can now take milliAmps of current (normally 

grid current is ~0)
• Not possible in our low-voltage circuits since this 

loads them down.
• So it is basically impossible to get decent switch-like-

behavior out of a triode at low voltages (the 6J6 tubes 
from our labs, for example need to be running with 
about 100V to even start to approach this)
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IBM

• Early Flip-Flop circuit
• Notice the voltages 

(we don’t got those :/ 
so tube is working a 
lot less ideally)
• They used about 1500 

of these modules for 
the FFs in an early IBM 
computer
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1950s tube flip flop

http://www.calculatormuseum.nl/calculators/computers_IBM701.html
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So interesting…
• The two-tube multivibrator can either:
• oscillate for us (very nice)
• Sit in one of two states for us (also very nice)

• Why is that second one very nice?
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• Because it can remember!  
• You pull one grid low and then remove it, the circuit 

sits in one position
• You pull the other grid low and then remove, the 

circuit sits at the other position
• We can use these positions to store 1 bit



So interesting…
• Of course the first computers weren’t until the 1940s so 

we’re jumping ahead a bit, but all throughout the 1920s 
and 1930s, tube circuits like this were used to gradually 
build up Computer Theory.
• Even a very insightful line in Claude Shannon’s Masters 

Thesis where it finally got linked together formally (I feel 
shivers when I read this):

“A device with two stable positions, such as a relay or a flip-flop 
circuit, can store one bit of information. N such devices can store 
N bits, since the total number of possible states is 2N and log22N = 
N.”
    -Claude Shannon, 1948
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Combine those FlipFlops with the ability 
perform Boolean logic operations

• Using either relays or vacuum tubes make some 
logic:
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http://www.quadibloc.com/comp/cp01.htm

Relay Logic Gates like 
you built in Lab 01

Vacuum Tube Logic Gates
(Can be done with triodes at high 
voltage...or low voltage pentodes if 
their ”shoulder” is low enough)



If you can make NAND (or NOR)
• Any Boolean logic expression can be reduced to 

either the following shape:
• 𝑌 = 𝐴 𝐵 𝐶|… (which is a NOR)
• OR
• 𝑌 = 𝐴&𝐵&𝐶&… (which is a NAND)

• With the ability to remember bits and the ability to 
perform logic operations of any type you can now 
start building finite state machines.
• With access to sufficient memory/instructions, this 

is easily expanded to full-fledged computers

1/22/25 6.S917 IAP 2025 32



We Did A Lot With Tubes
• Most modern designs started with tubes.
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Triode-based Flip-Flop
From IBM 605

https://www.talkbass.com/threads/tube-op-amps-experience-interests.1215611/

The first commercial 
Operational Amplifier



Op Amps

• The idea of op amps was 
formalized right towards end of 
WW2 (1945-1950)
• George Philbrick developed op 

amps and sold tube-based ones 
right out of Cambridge/Boston in 
mid 1950s
• Building block of much modern 

analog circuitry

1/22/25 6.S917 IAP 2025 34

http://www.philbrickarchive.org/k2-w_refurbished.pdf



The first Commercially Available 
Op Amp
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Example Applications

• Literature use to sell the op 
amps showed all the useful 
circuits you could do with 
them.
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Early Analog Computer
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• In competition with early digital computers were 
analog computers. 
• The idea with these was you’d use operational 

amplifiers as programmable math blocks to solve 
differential equations/perform simulations
• The voltage and current levels would “model” the 

phenomena of interest and you’d measure the 
output

http://www.dvq.com/oldcomp/analog/philbrick.htm



• Use jumpers, R’s, C’s, 
L’s in between to 
perform differential 
equation calculations 
and other things
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Why Analog vs. Digital?
• Digital computers start with an inherently less-

dense usage of electricity to represent information 
(represent one-of-two) whereas analog could 
represent 1000’s or more.
• Digital computers essentially rely on speed to 

overcome this initial down-side and early digital 
computers were not that fast.
• So analog computers were valuable up until the 

early 1960s in certain numerical simulation 
situations....
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Op Amp Usage

• When we use op amps we 
do something weird... we...

• Connect the output back to 
the input...but do so in a 
destructive way!
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Not Exactly Linear
• You may have noticed, that our triode is not exactly a 

linear amplifier
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𝐼! = 𝑃 𝑉" +
𝑉!
𝜇
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• Being linear is 
desired for 
amplification
• How did they make 

good amplifiers?
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Not Exactly Linear But Pretty Close
• As non-linear as a thing to the 3/2 power is, it is actually 

much closer to linear by “raw” device standards 
(especially when compared with what was to come 
historically (pentodes and transistors)

• This is ability to be more linear-ish while in a simple 
vanilla circuit is one reason why modern “Hi-Fidelity” 
audio amplifiers still use tubes (though the cool aspect of 
it is probably really the reason since excellent linear-
behavior can be achieved with more modern 
devices/circuit topologies.
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Still…
• Even early in the triode’s life in the 1910’s people wanted 

a more linear amplifier capability since any non-linearity 
was always going to be causing all those weird extra 
frequency components that could get 
annoying/impossible to filter
• So people set out searching how to linearize an amplifier!
• There were lots of problems…in particular as you made 

triodes with larger gains, they seemed to become less 
and less linear*
• So the field kinda got jammed between the more-gain 

and more linearity directions with no way to go.
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*lots of non-idealities started to come into play
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The Solution
• Harold Black approached the problem 
• During a ferry ride into work in 1927 he came up 

with the idea of negative feedback
• It turned out that you could trade gain for 

linearity and other nice features
• The problem was that at first it was just a few 

years too early for it to be useful.
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https://en.wikipedia.org/wiki/Harold_Stephen_Black
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Feedback
• Early Triodes didn’t have 

much gain so the value 
proposition of throwing 
away gain to achieve 
linearity wasn’t exactly a 
good one…
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“Currently I have a voltage amplifier with a gain of 2.3 that is slightly non-
linear and awful levels of input and output impedance ”

“Yes but imagine if you could make 
a voltage amplifier with a gain of 
1.2 and potentially worse in/out 
impedances that is linear! Doesn’t 
that sound enticing????”“No. Are you crazy? Get 

away from me with your 
theories”

Harold Stephen Black

In 1927:

Some loser engineer

Originally
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Some loser engineer

Feedback
• Tubes got better…better gain, 

cheaper, better I/O char
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“Currently have voltage 
amp with gain of 270 
that’s non linear L ”

“Yes but imagine if you could make 
a voltage amplifier with a gain of 
100 with negligibly worse in/out 
impedance that is linear! Doesn’t 
that sound enticing????”

“Your ideas intrigue me, 
and I would like to 
subscribe to your 
newsletter.”

In 1930s:

Harold Stephen Black

Now an 
enlightened 
engineer

Harold Stephen Black

A few years later…

1/22/25

Transforms into



Basic Triode Setup
• Our Basic Triode setup 

in open loop:
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grid

plate

cathode

𝑽𝑺

𝒊𝑩(𝒕)

𝒊𝑪(𝒕)

𝑹𝑩

+

𝒗𝑶𝑼𝑻(𝒕)

−

+

𝒗𝑰𝑵(𝒕)

−

𝑪𝒐𝒖𝒕

𝒗𝑶𝑼𝑻 = 𝑨𝒐 3 𝒗𝑰𝑵

*ignore grid bias and things for these examples to keep things simple!

What is 𝑨𝒐 ? It was the value we 
eyeballed from looking at our load-line 
plots last week. It will be non-linear and 
will also be affected by source and load 
impedances.

Nominally: 𝑨𝒐 = − 𝑹𝑩2𝝁
𝑹𝑩4𝑹𝒑

 

1/22/25



Critical Coefficients
• Three important values 

characterize a Triode and 
are related by this 
equation:

• These numbers are 
extracted from the values 
and slopes of the transfer 
function plots
• They are NOT Constants!
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𝑅5 =
𝜇
𝐺6

Voltage amplification factor: The 
factor by which the grid voltage 
changes the voltage at the plate. 
(unitless)

Mutual Conductance 
(Transconductance): The factor by 
which a change in grid voltage causes 
a change in plate current (units of 
conductance…so Mhos or Siemens)

Plate Resistance: The output 
resistance of the tube at the plate (in 
Ohms)
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Graphically Extract Estimate/Average 
from Load Line
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𝑰 𝒃
	(𝛍
𝐀)

𝟐𝟓𝟓	𝛍𝐀 =
𝟏𝟐𝐕

𝟒𝟕𝟎𝟎𝟎𝛀

𝐴8 =
∆𝑉9
∆𝑉:;

6.5V − 3V
−0.3V − −0.1V = −17.5
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Extract parameters from Plots and then 
use actual formula 
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∆𝐼9
∆𝑉9

=
1
𝑅<

∆𝐼9
∆𝑉=

= 𝐺6

𝜇 = 𝑅5𝐺6

𝑨𝒐 = − 𝑹𝑩2𝝁
𝑹𝑩4𝑹𝒑
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Basic Triode Setup
• Regardless of How we 

get the open loop gain, 
the important thing is 
that it is a varying, non-
linear quantity!
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grid

plate

cathode

𝑽𝑺

𝒊𝑩(𝒕)

𝒊𝑪(𝒕)

𝑹𝑩

+

𝒗𝑶𝑼𝑻(𝒕)

−

+

𝒗𝑰𝑵(𝒕)

−

𝑪𝒐𝒖𝒕

𝒗𝑶𝑼𝑻 = 𝑨𝒐(∗) 3 𝒗𝑰𝑵

*ignore grid bias and things for these examples to keep things simple!

So let’s just say that 𝑨𝒐 is a function of 
everything (* is wildcard) to indicate it is 
a nonlinear thing…and as a result, the 
entire equation is going to be nonlinear!  
Our job isn’t to know exactly the 
nonlinearity, just recognize the shape
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Sign of Gain
• Regardless of how non 

linear or not our open 
loop gain is, the sign of 
our gain will always be 
negative since we’re in a 
inverting amplifier 
topology!
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grid

plate

cathode

𝑽𝑺

𝒊𝑩(𝒕)

𝒊𝑪(𝒕)

𝑹𝑩

+

𝒗𝑶𝑼𝑻(𝒕)

−

+

𝒗𝑰𝑵(𝒕)

−

𝑪𝒐𝒖𝒕

LOWER V HERE MAKE HIGHER V HERE
HIGHER V HERE MAKE LOWER V HERE
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Add a Feedback Path
• Take some of our 

output…and using a voltage 
divider, feed it back to the 
input…
• Assuming 𝒊𝒄 is ~0:
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grid

plate

cathode

𝑽𝑺

𝒊𝑩(𝒕)

𝒊𝑪(𝒕)

𝑹𝑩

+

𝒗𝑶𝑼𝑻(𝒕)

−

+

𝒗𝑰𝑵(𝒕)

−

𝑪𝒐𝒖𝒕

𝑹𝒇

𝑹𝒈 𝒗𝒄

𝒗𝒂

𝒗𝒃

The voltage at the grid is:

𝒗𝒄 = 𝒗𝒊𝒏 + 𝒗𝒐𝒖𝒕 − 𝒗𝒊𝒏
𝑹𝒈

𝑹𝒈 +𝑹𝒇

Like before the output is a function 
of voltage at input (grid):

𝒗𝒐𝒖𝒕 = 𝑨𝒐(∗) 3 𝒗𝒄

Or put another way:

𝒗𝒄 =
𝒗𝒐𝒖𝒕
𝑨𝒐(∗)
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So Putting This Together:

54

𝒗𝒄 = 𝒗𝒊𝒏 + 𝒗𝒐𝒖𝒕 − 𝒗𝒊𝒏
𝑹𝒈

𝑹𝒈 +𝑹𝒇
𝒗𝒄 =

𝒗𝒐𝒖𝒕
𝑨𝒐(∗)

Therefore:
𝒗𝒐𝒖𝒕
𝑨𝒐(∗)

= 𝒗𝒊𝒏 + 𝒗𝒐𝒖𝒕 − 𝒗𝒊𝒏
𝑹𝒈

𝑹𝒈 +𝑹𝒇
Therefore:

𝒗𝒐𝒖𝒕
𝟏

𝑨𝒐(∗)
−

𝑹𝒈
𝑹𝒈 +𝑹𝒇

= 𝒗𝒊𝒏 𝟏 −
𝑹𝒈

𝑹𝒈 +𝑹𝒇Therefore:

𝒗𝒐𝒖𝒕
𝒗𝒊𝒏

=
𝟏−

𝑹𝒈
𝑹𝒈 +𝑹𝒇

𝟏
𝑨𝒐(∗)

−
𝑹𝒈

𝑹𝒈 +𝑹𝒇

Therefore:
𝒗𝒐𝒖𝒕
𝒗𝒊𝒏

=
𝑨𝒐(∗)𝑹𝒇

𝑹𝒈 +𝑹𝒇 − 𝑨𝒐(∗)𝑹𝒈
Therefore:

𝒗𝒐𝒖𝒕 =
𝑨𝒐(∗)𝑹𝒇

𝑹𝒈 +𝑹𝒇 − 𝑨𝒐(∗)𝑹𝒈
𝒗𝒊𝒏
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Conclusions I
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• The result of this feedback had some interesting 
properties…
• Let’s say we had a non-linear amp system where the gain 

was a simple function of 𝒗𝒊𝒏 such that: 𝑨𝒐 ∗ = −𝟏𝟎𝒗𝒊𝒏

• If we just applied this to our known I/O equation:
• 𝒗𝒐𝒖𝒕 = (−𝟏𝟎 . 𝒗𝒊𝒏) . 𝒗𝒊𝒏 = −𝟏𝟎 . 𝒗𝒊𝒏𝟐 …in other words, 𝒗𝒐𝒖𝒕 is 

highly non-linear with 𝒗𝒊𝒏
• In the context of feedback therefore: 
• 𝒗𝒐𝒖𝒕 =

P𝟏𝟎𝒗𝒊𝒏𝑹𝒇
𝑹𝒈Q𝑹𝒇PP𝟏𝟎𝒗𝒊𝒏𝑹𝒈

𝒗𝒊𝒏

• For reasonable values for those resistors, this equation is 
actually more “linear” than the original
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Conclusions I
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𝒗𝒐𝒖𝒕 = −𝟏𝟎 3 𝒗𝒊𝒏𝟐   vs.   𝒗𝒐𝒖𝒕 =
E𝟏𝟎𝒗𝒊𝒏𝑹𝒇

𝑹𝒈4𝑹𝒇EE𝟏𝟎𝒗𝒊𝒏𝑹𝒈
𝒗𝒊𝒏 

𝑹𝒇 = 𝟐𝟎𝐤𝛀 𝑹𝒈 = 𝟏𝟎𝐤𝛀

The original open loop exhibits 
highly non-linear relation of 
input to output

The system with closed loop 
negative feedback exhibits a 
shape that looks more linear-
ish, albeit at a lower gain aka 
shallower slope!

1/22/25



Conclusions II
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• Further investigation reveals another interesting pattern. 
And this one is critical:

• For the equation 𝒗𝒐𝒖𝒕 =
𝑨𝒐(∗)𝑹𝒇

𝑹𝒈,𝑹𝒇-𝑨𝒐(∗)𝑹𝒈
𝒗𝒊𝒏 as the 

overall magnitude of 𝑨𝒐 ∗ 	gets larger and larger, 
(𝑨𝒐 ∗ → ∞) both top and bottom of the fraction become 
dominated by it and the overall equation will simplify to 
the following:

• 𝒗𝒐𝒖𝒕 ≈ − 𝑹𝒇
𝑹𝒈
𝒗𝒊𝒏
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Conclusions I
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• The result of this feedback had some interesting properties…
• Let’s say we had a non-linear amp system where the gain was 

a simple function of 𝒗𝒊𝒏 such that: 𝑨𝒐 ∗ = −𝟏𝟎𝟎𝟎𝒗𝒊𝒏

• If we just applied this to our known I/O equation:
• 𝒗𝒐𝒖𝒕 = −𝟏𝟎𝟎𝟎 & 𝒗𝒊𝒏 & 𝒗𝒊𝒏 = −𝟏𝟎𝟎𝟎 & 𝒗𝒊𝒏𝟐 …in other words, 𝒗𝒐𝒖𝒕 is 

highly non-linear with 𝒗𝒊𝒏
• In the context of feedback therefore: 

• 𝒗𝒐𝒖𝒕 =
'𝟏𝟎𝟎𝟎𝒗𝒊𝒏𝑹𝒇

𝑹𝒈,𝑹𝒇''𝟏𝟎𝟎𝟎𝒗𝒊𝒏𝑹𝒈
𝒗𝒊𝒏

• For reasonable values for those resistors, this equation is far, 
far more “linear” than the original
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Conclusions II

6.S917 IAP 2025 59

𝒗𝒐𝒖𝒕 = −𝟏𝟎𝟎𝟎 3 𝒗𝒊𝒏𝟐   vs.   𝒗𝒐𝒖𝒕 =
E𝟏𝟎𝟎𝟎𝒗𝒊𝒏𝑹𝒇

𝑹𝒈4𝑹𝒇EE𝟏𝟎𝟎𝟎𝒗𝒊𝒏𝑹𝒈
𝒗𝒊𝒏 

𝑹𝒇 = 𝟐𝟎𝐤𝛀 𝑹𝒈 = 𝟏𝟎𝐤𝛀

The original open loop exhibits 
highly non-linear relation of 
input to output

The system with closed loop 
negative feedback exhibits a 
shape that is essentially 
linear!
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Conclusions IIb
• Because of the invention and perfection of negative 

feedback the exact “shape” of a tube’s gain became 
less important
• What became important was that you have a lot of 

gain. If you can have a lot of gain, even if non-
linear, you can trade it off for a more linear 
behavior of gain at a more moderate overall 
magnitude of gain
• This freed up engineers to push forward with 

making higher gain tubes and not obsess so much 
with the linearity of the tube itself! The circuit it 
lives in can fix that problem. 
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Results are Shockingly Good
• The original Harold Black paper from 1934, 

arguably one of the greatest EECS papers of all time 
imo, is built around the study of this circuit:
• A multi-stage tube amplifier with the output 

negatively fed back to the input:
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H.S. Black, "Stabilized feed-back amplifiers", Electrical Engineering, vol. 53, pp. 114-120, Jan. 1934.
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Compare that circuit with/without feedback
• Gain now stays flat 

for a variety of 
output loads! 
(showing how as 
value of resulting 
output signal goes 
up/down, it stays 
proportional with 
input signal)
• Non-linearity 

suppressed at the 
expense of lower 
overall gain
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Works in Frequency Space Too!
• Gain stays 

constant for a 
variety of 
frequencies!
• Yes it is lower 

overall in 
magnitude but it 
is consistent!
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This result
• All modern control theory is built around the work 

of Black:

• As an EE or EECS person or whatever, this is one of 
the most fundamental and important 
concepts/achievements in existence
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https://en.wikipedia.org/wiki/Closed-loop_transfer_function
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Now Let’s Return to Armstrong 
and his circuits
• So... 
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Armstrong’s Regeneration Receiver
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𝑪𝟏
𝟑𝟎	𝐩𝐅

𝑪𝑮𝑳	𝟏𝟎𝟎	𝐩𝐅

𝑹𝑮𝑳
𝟏𝐌𝛀

𝑨𝟏
grid

plate

cathode

𝒊𝑩(𝒕)

𝒊𝑪(𝒕)

𝑹𝑩

𝑽𝒄𝒄

+

−

𝒗𝒅𝒆𝒕

• Feed some of your output back to your input via a coil

Call this a tickler coil

Make sure the coil 
is flipped so that 
this feedback is 
positive/in-phase



~1914/5…
• Remember Lee de Forest?
• First person to put a third wire into 

a thermionic tube
• He had like a dozen companies that 

failed and always seemed to 
become friends with shysters and 
conmen/conwomen
• Sued lots of people
• Declared himself to be “father of 

radio” later in life
• But it is largely established that he 

invented the “triode” which he 
called the “audion”
• Had no idea really how it worked
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Well de Forest Sued Armstrong
• He claimed he had invented 

regeneration based on some unclear 
doodlings from 1912, and he and 
Armstrong started fighting a very long 
drawn out legal battle that lasted ten 
years…well into the 1920s
• Went all the way to the Supreme Court 

and in 1924 it sided with De Forest 
much to the surprise of the entire 
engineering field.
• Armstrong was bummed out, but by 

this time all the patents had been 
inter-licensed so it wasn’t a huge loss.
• And by then other things were being 

designed
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A Better Regenerative Receiver
• Armstrong kept experimenting and 

developed a regenerative design that 
used a local oscillation to selectively filter 
and “quench” undesired feedback 
oscillations.  
• As a result you could drive your receiver 

further into feedback and not 
“transmit”…gains of over 1 million were 
possible but circuit was very finicky
• Called it…
• The superregenerative receiver and 

patented in 1922. 
• Sold it, made more green
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Armstrong Kept 
Doing Stuff

• He was in the signal corps 
during WW1. Made some 
more inventions (come 
back to one in sec)
• Got married, made his 

wife the first known-
portable radio (weighed 
50 pounds) as a wedding 
present, lol
• Became very tight with 

RCA
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Radio Corporation of America

David Sarnoff, Leader of RCA



The Tuned Radio Frequency Receiver
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𝑪𝟏𝑳𝟏

𝑨𝟏

• Instead of reusing the same tube, use multiple 
tubes in series, other designs came out…
• Got around regeneration patents and as tubes got 

cheaper this wasn’t as absurd
• It was also far less of a finicky design than a 

regenerative set
• Very early example of unrolling logic like we do in 

digital/FPGA design 

RF Amp
Tuner#1

RF Amp
Tuner#2

RF Amp
Tuner#3

Detector
Audio
Amp
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1928 Bosch Radio Receiver Schematic
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Three successive, nearly 
identical filter/gain stages.
Combined could have 
enough gain to compete 
with regenerative 
AND not have threat of 
oscillation!

Grid-Leak 
Detector

Audio 
Amps

1/23/25

Power 
Supply



More Tubes ==/!= Better?
• The appearance of the TRF designs motivated the notion 

that more tubes implied a better set.
• If done correctly, there was merit to this:

• A four-stage TRF was better than a two-stage TRF
• Also doing your audio amplification with several layers of tubes 

could result in more, cleaner signal
• However some radio manufacturers started just putting 

random tubes into sets to convey that they were better. 
• “12-tube-6-tube sets” appeared: only used 6 tubes, even 

though there were 12 in the design doing nothing but 
consuming power.
• Wasn’t always malicious, people were still figuring stuff 

out and there’d be weird trendy circuits that people 
thought were ”better” but really did nothing…or did the 
same thing less efficiently.
• Weird times.

1/22/25 6.S917 IAP 2025 73



Armstrong already coming up with 
even better solution
• Regenerative worked, but was finicky and dangerous
• The superregenerative worked but was even more 

complicated and finicky
• TRF worked pretty well, but needed a lot of tubes 

and wasn’t very amazing with selectivity:
• It is very hard to have a variable filter maintain the exact 

same relative shape as you vary its resonant frequency
• Also working at raw radio frequencies is hard…it would be 

nice if you could do your pre-demodulation work/filtering 
at lower frequencies
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Having a Variable Tuner
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𝜔 Log Scale

Lo
g 

Sc
al

e

𝐺𝑎𝑖𝑛

Freq 1 Freq 2

𝜔! is always going to = 0" #$

𝜔! But the quality factor  𝑄 which 
relates to how selective a filter is is 

expressed with this: Q = R $
#

So as you tuned around with your radio 
varying the capacitance (or L), you were 
also impacting how good/bad your 
selectivity was…and that’s not ideal

Very good here

Less good here
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Solution:
• Do all of the filtering at the same exact frequency 

regardless of what frequency your station is at.
• This way you could just have a bunch of unmovable 

filters targeting that fixed frequency that were 
perfectly calibrated.
• Seems simple, yes???
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Are you crazy?  “Do all of the filtering at the same exact frequency regardless of 
what frequency your station is at.” Do you realize how crazy that sounds? It 
sounds like communism or something….everyone will get paid the same amount 
of money regardless of the amount of money they earn.



Mixing Signals (Down-Mixing)
• Based around multiplication of sine waves 

(remember from other week?)
• Let’s say we have the following signal coming in:

• If we multiply that signal by a locally generated sine 
wave of frequency 𝑓4$ − 𝑓56  where 𝑓56  is some low 
frequency value (for AM let’s say 455 kHz), we’d 
get:
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𝑣Y 𝑡 = 	𝐴Z) sin 2𝜋𝑓Z)𝑡

𝐴Z) sin 2𝜋𝑓Z)𝑡 . sin 2𝜋 𝑓Z) − 𝑓[\ 𝑡 =

𝐴Z) cos 2𝜋 2𝑓Z) − 𝑓[\ 𝑡 + cos 2𝜋 −𝑓[\ 𝑡



Resulting frequencies
• We have two sinusoids as a result:

• What if we want a different signal at frequency 𝑓4%? 
Do same thing except this time multiply incoming 
signal of frequency 𝑓4% − 𝑓56  The result will be:

1/22/25 6.S917 IAP 2025 78

cos 2𝜋 2𝑓Z) − 𝑓[\ 𝑡 − cos 2𝜋 𝑓[\ 𝑡

This one is at lower 
frequency. Keep it.

This one is higher 
than starting radio 
signal. Ignore/filter it

cos 2𝜋 2𝑓Z* − 𝑓[\ 𝑡 − cos 2𝜋 𝑓[\ 𝑡

This one is at lower frequency. 
Keep it. Also it is the same 
frequqency as first case!!!

This one is higher 
than starting radio 
signal. Ignore/filter it



The Superheterodyne Receiver
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The RF Stage
• Up front have a pentode that 

can work at high frequencies 
perform some initial 
amplification.  
• Also have a broad selection 

filter that is tunable that can 
remove some out-of-signal junk
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The Local Oscillator (aka “LO”)
• Have a tube-driven local 

oscillator circuit that runs at a 
frequency 𝑓56  below what we 
are trying to tune for
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Ganged Tuning
• Have the variable C’s (or L’s) 

“ganged” together so that when 
you vary the RF tuning filter, 
you also vary the LO so it 
remains at the correct 
frequency offset
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𝑪𝑹𝑭 𝑪𝑳𝑶

Schematic of 
lab 1 tuning cap

Ground me



The Mixer
• This is the stage that ”mixes” 

(multiply in this context) the 
two signals to get the IF out.
• If the RF stage and the LO are 

properly synchronized the IF 
should always be the same
• IF stands for “Intermediate 

Frequency”
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How Do We Multiply?
• Silly question. We already went over this. 

• We have amplifying devices that can be made to 
work in non-linear modes of operation.  Add the 
signals you care about together, and run them 
through a tube in a particularly non-linear region 
and harvest the squaring signals (via F.O.I.L.) that 
come out and block with some filters!
• Profit
• Moving on…

1/22/25 6.S917 IAP 2025 84



The RF/Mixer/LO
• For AM, sets usually targeted an IF 

of 455 kHz.
• So if you wanted 1080kHz in the AM 

band...
• Your RF stage BPF set at 1080kHz
• Your LO be set at: 625 kHz
• Mixer/filter yields 1080-645=455 kHz

• If wanted 1500kHz in AM band...
• Your RF stage BPF set to 1500 kHz
• Your LO be set at 1.045MHz
• Mixer/filter yields 1500-1045=455kHz
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The IF Amp
• This circuit can be special-made 

to work in and around the IF. 
• This ability to not have to be 

flexible with center frequency 
can allow very nice tuning of 
the circuit overall (and very 
good filtering of signals outside 
our signal window)
• Note the signal is still 

modulated (AM…later FM or 
PM) in the IF
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The Detector
• Finally demodulate using the 

ways we’ve discussed.
• This stage isn’t much different 

than other ways before
• But easiser to build since it only 

had to demodulate at one 
specific frequency
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The Audio Amplifier
• Just make the audio louder 

(scale in power)
• All good!
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The Superheterodyne 
• Armstrong wasn’t the only inventor of 

heterodyning, but he did have the dominant US 
patent and he did get the earliest versions of it 
working
• Sold that patent to RCA as well..made so much 

money that he basically set up his own privately 
funded research lab to keep working on stuff.
• To this day, most radio stuff (WiFi, etc…) utilizes 

some flavor of heterodyning in its signal path.  It is 
a very important signal processing technique. 
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Even in modern systems...
• Still heterodyne
• The RFSoCs we use in 6.S965...
• Sample at 5Gsps
• Just do down conversion (heterodyne) digitally rather 

than in analog 
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RCA
• RCA dominated the radio 

ecosystem in the 1920s and 
1930s…they were the Radio 
Corporation of America after all
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• Had the Armstrong superheterodyne patent so RCA 
radios were very good compared to competitors that 
were mostly TRFs by this point (which needed a lot 
more tubes and could not compete with 
superheterodyne sets in terms of performance)
• RCA built and owned radio stations and networking.
• You listened to RCA content on RCA stations using RCA 

radio sets.  Seems perfectly American.



FM
• Armstrong got annoyed by the noise that AM radio 

was prone to so he invented FM (his greatest 
invention)
• RCA, who Armstrong was close with, did not like 

this because it endangered their monopoly on 
AM... So they set up false patents to block/take 
over FM and had money to litigate and stall 
Armstrong
• Huge patent fight…drawn out for decades.
• Armstrong lost all his money and jumped off a 

building in 1954…everyone blamed RCA/Sarnoff
• His wife continued the patent fight and eventually 

won them 10-20 million in damages
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DeForest...

• This guy sucked

• He died largely penniless in 
the late 1950s still claiming 
to have invented everything
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“I have always taken the keenest delight in having 
beaten him so thoroughly on the feed-back 
question… after all, Armstrong has gone and I am 
alive, well and happy, and hope to live for many years 
more.  What a contrast!”

https://kathylovesphysics.com/the-trials-of-howard-armstrong/#_edn24



Commodity Radios
• Superheterodyning enabled cheap, good radios.  
• Radios proliferated. 
• Even in the 1930’s/depression, this was how people 

connected
• Radio was the internet of the 1920s-early 1950s 

before being supplanted by TV.
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1929 Bosch Model 28

• About $135 without tubes 
in 1929...new car was 
about $300...that’s a lot of 
money
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1939 Firestone Air Chief Radio 
Model No. S7425 
• Pre-war budget set. 
• Made by Firestone (yes the 

tire company)
•  Was a TRF rather than 

superheterodyne to avoid 
paying patent royalties to 
RCA
• Extremely dangerous set
• But...cost $19.95 with tubes 

in 1939
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S7425
• Non-isolated chassis
• Uses curtain-burner cord to drop voltage (about 

35W)
• Not amazing reception...
• But it worked...
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S7425
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Two stages of RF filtering

Detector/Demodulate
Use Pentode grid for nonlinearity

Power Supply

Audio Power Amp



Radio/Broadcast Audio Everywhere
• By 1930’s, cheap, robust sets changed the 

world. Its impact could not have been 
understated
• Radio shows were listened to by millions
• Real-time news
• Events became lived
• Society became synchronized at all levels
• People got to hear leaders 
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Fireside Chats by FDR 



German Volksempfanger Radio

• Three tubes!
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RF Amp/Detector/First 
Audio

Audio Power Amp

Power Supply



The People’s Radio: Nazi Germany
• Hitler and Goebbels charged engineers 

with designing an extremely simple and 
affordable tube radio
• Called Volksempfanger 
• Millions of these sets sold…enabled 

propaganda to be blasted into 
everyone’s houses 
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https://en.wikipedia.org/wiki/Volksempf%C3%A4nger

http://oz6gh.byethost33.com/Volksempfanger.htm

Hitler's dictatorship differed in one fundamental point from all its 
predecessors in history. His was the first dictatorship in the present 
period of modern technical development, a dictatorship which made the 
complete use of all technical means for domination of its own country. 
Through technical devices like the radio and loudspeaker, 80 million 
people were deprived of independent thought. It was thereby possible to 
subject them to the will of one man...

       -Albert Speer
       Nuremburg Trials 1946
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History Reminder
• The world was at war from 1937-1945. This was 

really the first techno-centric war. Vacuum tubes 
and radio were at the heart of it
• Much of our modern understanding of RF analog 

electronics was accelerated in pursuit of fighting 
each other during this time
• MIT really, really, really expanded during WW2 in 

terms of research
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Radio in WW2
• Direction Finding
• RADAR
• SONAR
• Electronic Warfare
• Countermeasures
• Early computer development...
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https://en.wikipedia.org/wiki/List_of_World_War_II_electronic_warfare_equipment



Radio Propaganda
• During the Occupation of France by Nazi Germany, 

England right across the channel would broadcast 
messages meant to coordinate the Resistance and 
other things.
• Battle of propaganda:
• Germany broadcast to England
• England to Germany/France
• US to Japan
• Japan to US
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Lord Haw Haw



WW2 Jamming

• Radios in occupied Europe would either be 
collected/confiscated or have their tuning 
capacitors fixed in place...varying them could lead 
to imprisonment/death...just listening to another 
station could be punished.
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“Wound my Heart with a Monotonous 
Langour”

• The Allied powers would routinely broadcast radio 
over Europe even while the Germans occupied 
countries.  
• They’d intersperse messages for the resistance in it.
• Verlaine’s Chanson d'automne (“Autumn Song”) 

was used to indicate the Allied invasion of France 
was about to begin to soon so the resistance could 
prepare...
• Les sanglots longs des violons de l'automne meant the 

invasion was coming within two weeks
• Blessent mon cœur d'une langueur monotone meant the 

invasion was happening within 48 hours (broadcast on 
June 5, 1944)

1/22/25 6.S917 IAP 2025 107



Obsession, Hope?
• US stopped production of most consumer 

electronics (mostly radios) ~1941…became item of 
longing/black marketing in US

1944 GE advertisement…they couldn’t sell sets but they sent out teasers
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1953 Zenith L518
• Things went crazy after 

WW2 ended in 1945
• Postwar radio set, but still 

uses tubes in a 
superheterodyne 
configuration
• Not that different from 

prewar commodity sets

• An example of an 
“All American Five” set
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Zenith L518
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RF/Mixer/LO

6.S917 IAP 2025 111

• A single 12BE6 tube is 
used to do all the 
RF/mixing/LO stuff
• This was very common 

by the 1940s
• Woah…how did a tube 

do that?

1/22/25



The Pentagrid Converter
• A heptode tube (seven electrodes) or 

a octode tube that was used to do the 
following all in one package:
• RF Amplification
• Manage the Local Oscillator
• Mix the two signals and output on IF

• Still a tube, but a tube that had a lot 
more functionality built in.
• You could think of this an early form 

of integrated circuit maybe
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IF Amp
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• A 12BA6 pentode was 
used to amplify and filter 
at the IF of 455 kHz
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Detector

6.S917 IAP 2025 114

• A 12AT6 Double-diode 
triode was used for 
detection, audio 
amplification, and 
automatic gain control
• Triode used for low noise

1/22/25



Audio Amp
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• Big Beefy 50C5 Pentode 
used as power amplifier 
• Speaker driven through 

coil for load matching
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Power Supply

6.S917 IAP 2025 116

• 35W4 used for converting 
120 VAC into about 150 
VDC
• No transformer. This set 

was a hot-chassis (could 
get electrocuted opening 
touching the back side
• Notice how the filaments 

are all strung in series.  
Their filament voltages 
are:
• 35+50+12+12+12 = 121V 

…120VRMS ?
• Coincidence? Nope!

Big juicy caps to absorb the ripple 
from AC-DC conversion
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1953 Emerson 724
• Another All-American-

Five set also from 
1953.
• Looks so different!
• So much better!!!
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Emerson 724
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Basically exactly the same as L518

• Both sets use the same set of tubes:
• 12BE6 Pentagrid converter (oscillation/heterodyning)
• 12BA6 IF amplifier
• 12AT6 Detector/first stage AF amp (pre-amp)
• 50C5 power amp tube driving audio-transformer 

matched speaker
• 35W4 for AC-DC conversion

• All the companies had nearly identical models at 
similar price points...you were mostly buying 
different cases and brands.
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First of a Common Pattern

• EECS Developments/creations outpaced our ability 
to anticipate how we as a society would react
• Lighting
• TV
• Computers
• Cellphones
• Tiktok
• ChatGPT
• Etc…

• All thanks to what this thing started
• A lot to take in. 
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But the Days of Tubes were 
Numbered

• A lot of pressure to make electronics smaller
• Later variants of vacuum tubes did get smaller:
• Subminiature tubes
• Compactrons
• Nuvistors
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Next Time
• Solid-state triodes 

appear
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Step aside, boomer


